INTRODUCTION
Over most of the ocean, the growth of phytoplankton near the surface is often limited by nitrogen, much of which is supplied as nitrate by upwelling of deep ocean waters (Dugdale 1967 , Dugdale & Goering 1967 , although ammonium can be more important in oligotrophic regions. Growth rates are actually limited by intracellular concentrations of nutrients (Caperon 1968 , Droop 1968 , which are determined largely by their uptake rates from the ambient water (Klausmeier et al. 2004 ). An under-ABSTRACT: Phytoplankton supply the base of the marine food web and drive the biogeochemical cycles of carbon and nutrients. Over much of the ocean, their growth is limited by their uptake of nitrogen (as nitrate), which has most commonly been described by the hyperbolic Michaelis-Menten (MM) equation. However, the lack of a theory to explain variations in MM constants has hindered our ability to predict the response of marine ecosystems to changes in environmental conditions. The MM equation fits data from short-term experiments well, but does not agree with steady-state experiments over wide ranges of nutrient concentrations. In contrast, the recently developed optimal uptake kinetics (OU) does agree with the latter and can also describe the observed pattern of MM halfsaturation constants from field experiments. OU kinetics explains the observed pattern of N uptake as the result of a general physiological trade-off between nutrient uptake capacity and affinity. The existence of a general trade-off would imply a relatively high degree of predictability in the response of nutrient uptake to changing nutrient concentrations and thus provide a basis for predicting effects of climate change on marine ecosystems and biogeochemical cycles.
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Phytoplankton cells acclimate to low (left) versus high (right) nutrient concentrations, modifying their apparent half-saturation constants for nutrient uptake.
Diagram: S. L. Smith
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standing of what determines these uptake rates, and hence phytoplankton growth rates, is vital to understand and predict the response of marine ecosystems and biogeochemical cycles to changes in ocean circulation and nutrient supply that result from climate change (Polovina et al. 2008) or direct anthropogenic inputs of N (Duce et al. 2008) . Given that, even when embedded in high-resolution physical models, largescale marine ecosystem models cannot reproduce the observed contrast in phytoplankton biomass and production between nutrient-rich and nutrient-poor regions (Oschlies et al. 2000 , Gruber et al. 2006 , there is reason to seek improved biological models for phytoplankton. By far the most commonly applied equation to describe uptake rates of nutrients as a function of their ambient concentrations is the Michaelis-Menten (MM) equation:
( 1) where v MM is the uptake rate for a nutrient with the concentration S, V max,s is the maximum uptake rate for the nutrient, and K s is the half-saturation constant (Dugdale 1967) . Values for the 2 parameters V max,s and K s are fit to experimental data. Although this equation is rigorously correct for chemical reactions governed by a single enzyme, its application to nutrient uptake by phytoplankton is not theoretically justified (Dugdale 1967 , Morel 1987 . The MM equation, with the constant K s and with V max , failed to describe the steady-state uptake response over wide ranges of concentrations for both N (Rhee 1974 , Gotham & Rhee, 1981a and P (Droop 1974 , Rhee 1974 , Gotham & Rhee 1981b as the limiting nutrient in separate experiments with several different species. This called into question whether the MM equation is an adequate description of nutrient uptake by phytoplankton. An alternative equation to calculate nutrient uptake rates independently of the MM equation was derived by (Aksnes & Egge 1991) . Instead of assuming a half-saturation constant for each nutrient, this model defines the affinity, A s , and the maximum uptake rate, V max,s , in terms of basic cellular physiology (e.g. number of uptake sites on the surface, surface area per site, clearance rate). The affinity-based uptake rate, v aff , is then:
Under the assumption that A s and V max,s are constants, this equation is equivalent to the MM equation with K s = V max,s /A s , but in affinity-based kinetics the affinity and maximum uptake rate are assumed to vary with cellular physiology. Over 25 yr ago, Healey (1980) suggested that, in terms of MM kinetics, the ratio V max /K s (which roughly approximates A s here), is a better indicator of nutrient uptake efficiency than K s . Aksnes & Egge (1991) also argued that, compared to K s , values of A s should provide a better measure of the relative ability of various species to compete for nutrients.
Optimal uptake: acclimation
Optimal uptake (OU) kinetics assumes a physiological trade-off between the efficiency of nutrient encounter at the cell surface (A s ) and the maximum rate at which a nutrient can be assimilated (V max,s ). The key idea is that phytoplankton alter the number of their surface uptake sites (or ion channels), which determine the nutrient encounter time scale, versus internal enzymes, which assimilate the nutrients once encountered. N was assumed to be the key resource being allocated between these 2 uses, because both the uptake sites and enzymes consist mostly of proteins and therefore require significant amounts of N (Pahlow 2005) . However, the key is not the assumption that the resource being allocated is N, but rather that there is a physiological trade-off between the affinity for nutrients at the cell surface and the maximum rate at which nutrients can be assimilated.
Thus, OU kinetics assumes that a phytoplankton cell dynamically allocates some portion of its internal N between surface uptake sites and internal enzymes. The fraction of this pool of N that is allocated to surface sites is denoted f A , and the remainder (1 -f A ) is assumed to be allocated to internal enzymes, such that A s = f A A 0,s and V max,s = (1 -f A ) V 0,s , where A 0,s and V 0,s are the potential maximum values of affinity and maximum uptake rate, respectively, for nutrient s (Smith & Yamanaka 2007 for a complete derivation). These values are defined in terms of the maximum potential number of uptake sites and internal enzymes, and mass transfer rates (Smith & Yamanaka 2007) . They are not necessarily assumed to be constants, although there has been good agreement of this assumption with data from several laboratory experiments covering wide ranges of nutrient concentrations in which phytoplankton were limited by N, P and Vitamin B12 (Pahlow 2005 , Smith & Yamanaka 2007 . In an extension of Aksnes & Egge (1991) , the following equation (Pahlow 2005) then describes uptake of the nutrient s:
The optimal allocation that maximizes uptake rate for a given concentration, S, is then:
Under the assumption that acclimation is instantaneous, substituting Eq. (4) into Eq. (3) yields: (5) which is simply a re-arrangement of the singlenutrient OU equation Eq. (A2) of Pahlow (2005) , with the denominator expanded (however, note that there was a typesetting error in the denominators of both Eqs. (14) & (15) of Smith & Yamanaka 2007) .
This yields specific predictions about how affinity and maximum uptake rate should depend on nutrient concentration. Assuming instantaneous acclimation of phytoplankton to any changes in ambient nutrient concentrations, the OU equation is equivalent to an MM equation with an apparent half-saturation 'constant' that varies with S:
OU kinetics models the rate of nutrient uptake as equivalent to the rate of nutrient assimilation, which is the rate of incorporation into the organic molecules that constitute biomass (Pahlow 2005) . Therefore, it does not describe rapid uptake over short periods of time ('surge uptake') during which uptake exceeds assimilation, which has been observed over timescales of seconds to minutes (Raimbault & Gentilhomme 1990 , Dortch et al. 1991 and even hours (Pedersen 1994) . In the terminology of Pedersen (1994), OU kinetics describes 'internally controlled' and 'externally controlled' uptake. Assuming constant values for V 0,s and A 0,s , as in Smith & Yamanaka (2007) and the present study, is equivalent to assuming that uptake rates are not affected by the nutrient content of the cell, which is consistent with the results of Pedersen (1994) .
In the present study, we examine an alternative to the assumption of instantaneous acclimation, namely that the rate of acclimation is slow relative to the timescale of typical nutrient uptake experiments. We then test specific predictions of OU kinetics against observed trends in the MM half-saturation constant for nitrate uptake, K NO 3 . Finally, we illustrate the effect of switching to OU kinetics in a global biogeochemical climate model.
METHODS
Short-term approximation. For comparison with half-saturation constants fit to the Michaelis-Menten equation, if the duration of the experiments to determine K s is short enough, the fitted values of K s would not be expected to follow Eq. (6), which was derived assuming that phytoplankton can acclimate immediately to ambient nutrient concentration. This assumption may be reasonable for the surface ocean, but is inappropriate for experiments shorter than the time needed for acclimation by phytoplankton. In typical field experiments to measure uptake kinetics, seawater is sampled, nutrients are added to it in various concentrations, the samples are incubated for a few hours, and nutrient uptake is measured at the end of the incubations. If phytoplankton have enough time to acclimate during the experiments, their response should follow Eqs. (5) & (6).
If the duration of the incubation experiment is shorter than the time required for physiological acclimation, the behavior of the equation is better analyzed by a short-term approximation. The OU equation can be re-written: (7) which is equivalent to a MM equation with
The internal allocation of N to uptake hardware, f A , is determined by physiological acclimation via Eq. (4). If the time scale for acclimation is much shorter than the duration of the incubation experiments, f A depends on the same concentration, S, appearing in Eq. (7), which changes with the nutrient additions used in the incubation experiments. This is how Eqs. (5) & (6) were derived.
On the other hand, if the time scale for acclimation is much longer than the duration of the experiments, f A will remain fixed at its value based on the ambient concentration in seawater, S a , to which the phytoplankton were presumably acclimated before sampling. In this latter case, substituting f A (Eq. 4) yields a short-term approximation for K s app : (8) and for V max,s :
Predictions of optimal uptake kinetics. This shortterm approximation predicts that, over timescales shorter than the time required for acclimation, experiments would measure behavior consistent with constant values of K s and V max,s , because the phytoplankton would be acclimated to the ambient nutrient concentration before sampling, S a , and would not have time to acclimate to the nutrient additions used in the incubation experiments. Both the short-term approximation (Eq. 8) and the assumption of instantaneous acclimation (Eq. 6) agree qualitatively with increases in the half-saturation constant for nitrate uptake, K NO 3 , with nitrate supply, as observed in laboratory experiments on cultures of a single species (Collos 1980) . Furthermore, the short-term approximation (Eqs. 8 & 9) is qualitatively consistent with the positive correlation between maximum uptake rate (per cell) and halfsaturation constant for nitrate uptake in a compilation of data for various species representing major functional types (Litchman et al. 2007 ). These predictions result from the physiological trade-off between affinity and maximum uptake rate.
Based on a compilation of data from 35 studies in marine waters and assuming MM kinetics, Collos et al. (2005) found the following relationship between K NO 3 and [NO 3 ]: (10) with a value of b = 0.62. Eq. (10) becomes identical to Eq. (8) if we make the following substitutions:
and b = 0.5. The same substitutions, with the further assumption of instantaneous acclimation, can also be applied to Eq. (6), which deviates from Eq. (10) by predicting a minimum value of K NO 3 as [NO 3 ] approaches zero. Here, we compare quantitatively the predictions of OU kinetics with observed trends in published values of K NO 3 . We then present an alternative interpretation for the observed variations in K NO 3 in terms of OU kinetics. We focus mostly on variations in the halfsaturation constant for nitrate uptake, K NO 3 , because patterns in its variation are easier to identify than for V max (Collos et al. 2005) .
Data. We analyzed data for K NO 3 , determined by fitting the Michaelis-Menten equation to published data from experiments conducted on oceanic observation cruises. First, we further analyzed a compilation of data from 35 studies for which a linear relationship between logK NO 3 and log[NO 3 ] was previously found (Collos et al. 2005) . However, the studies spanned a period of over 30 yr and used differing methodologies to determine K NO 3 , which can yield different results (Harrison et al. 1989) . Furthermore, only selected data from the original studies were included in this compilation, with an apparent bias towards selecting high values of K NO 3 . For example, the greatest value in the compilation was the only one selected from several presented by Shiomoto et al. (1994) , even though the validity of that particular value was specifically questioned by Shiomoto et al. (1994) . One could therefore question whether the relationship presented by Collos et al. (2005) truly represents the response of phytoplankton to nitrate concentrations in the ocean.
We therefore conducted an independent test of this relationship, using data from studies that used comparable, modern methodologies, consisting of graded nutrient additions and incubation times from 2 to 3 h (Harrison et al. 1989) . For this, we combined the data from 2 oceanic cruises: one in the North Atlantic Ocean (Harrison et al. (1996) ; n = 53 data points), and one in the Arabian Sea (McCarthy et al. (1999) ; n = 8 data points).
We did not analyze data for V max , because its variations depend on whether it is expressed per cell or per unit biomass (Collos et al. 2005 , Litchman et al. 2007 , and because it is subject to several sources of variability which would complicate such an analysis. Stronger dependence on temperature is expected for V max than for K s (Aksnes & Egge 1991) . Growth rates increase with temperature (Eppley 1972 , Goldman & Carpenter 1974 , maximum uptake rates from field experiments are positively correlated with temperature (Kanda et al. 1985) , and observed decreases in V max at high nutrient concentrations (low temperatures) are likely the result of temperature dependence (Harrison et al. 1996) . Furthermore, at low nitrate concentrations, uptake rates of nitrate are often reduced in the presence of ammonium (Armstrong 1999) .
Analyses. The linear relationship previously found (Collos et al. 2005 ) between log(K NO 3 ) and log[NO 3 ] was tested by fitting linear regression models to the data. ANOVA tests were used to compare the fit of the general linear model, log(K NO 3 ) = a + b log[NO 3 ], where a and b were determined by the regressions, to the model with b = 0.5, which is the relationship predicted by OU kinetics. All regressions and statistical tests were conducted using SPlus software (V. 5).
We also fit the corresponding nonlinear regressions,
, to the data for comparison. The nonlinear and linear fits yielded different values for a and b (results not shown), because of the difference between assuming constant variance (equal weights) for the data in linear or log-log space: the assumption of constant variance gives relatively more weight to larger values in the nonlinear fit, compared to the linear (log-log) fit. The residuals from such regressions should ideally be normally distributed, which we tested by comparing plots of the quantiles of the residuals versus the quantiles of the standard normal distribution (Faraway 2005) . The residuals were not normally distributed for the nonlinear fits to the untransformed data, but they were nearly normally distributed for the log-log fits (results not shown). Therefore, the assumption of constant variance (equal weights) for all data in the nonlinear regression was not valid,
whereas in the log-log fits, the assumption of constant variance was good. We therefore based our analyses on the log-log regressions. Global model. The University of Victoria Earth System Climate Model (UVic-ESCM) is a model of global climate, ocean circulation, ecosystems, and biogeochemical cycling, including a fully coupled carbon cycle (Schmittner et al. 2008) . Its oceanic ecosystem component includes 2 phytoplankton classes (N-fixers and other phytoplankton), and nitrate and phosphate as nutrients. A constant chemical composition is assumed for all phytoplankton, and phytoplankton growth is modeled using Michealis-Menten (MM) kinetics (Monod growth kinetics), such that the Cbased growth rate is simply a constant (the C:nutrient ratio of biomass) × the uptake rate of the growth-limiting nutrient. With this assumption, which is widely applied in large-scale ecosystem models, the growthnutrient curves ( ) have the same shape as the uptakenutrient curves defined by the nutrient uptake kinetics. We implemented a new version of the UVic-ESCM's marine ecosystem model component by replacing the MM kinetics by OU kinetics, applying the optimality criterion of Smith & Yamanaka (2007) to extend OU kinetics for multiple nutrients (details are given in Appendix 1).
To illustrate the impact of the proposed switch from MM to OU kinetics, we ran a standard global warming emissions scenario (Schmittner et al. 2008) . The model was spun up for several thousand years under constant pre-industrial levels using MM kinetics. For the period 1765-2100 A.D., a control run continued to employ MM kinetics, whereas the OU run used the same initial state (A.D. 1765) and same emission scenario. Parameters for the MM kinetics were V max = 0.13 d and
; parameters of the OU kinetics were V 0 = 1.09, V max and V 0,NO 3 /A 0,NO 3 = 0.19 ( ), giving identical nutrient uptake rates for MM and OU at ambient nitrate concentrations of 0.7 μmol l -1 (Appendix 1). Both V max and V 0 were multiplied with the same temperature function in the UVic model Schmittner et al. (2008) .
RESULTS
The relationship between K NO 3 and [NO 3 ] is statistically significant (p < 10 -9 ) for both the data compilation of Collos et al. (2005) ( ) and our independent compilation of data from Harrison et al. (1996) These values of K NO 3 were determined by fitting the MM equation to data from experiments conducted during oceanic cruises, using the natural assemblages of phytoplankton present in seawater, and this half-saturation 'constant' depends on the ambient nitrate concentration consistently across wide areas of the ocean. The traditional interpretation in terms of MM kinetics is that these variations reflect intrinsic differences between the species that dominate in different environments (Eppley et al. 1969 , Parsons et al. 1984 , Litchman et al. 2007 ). Values of K NO 3 do tend to increase with cell size (Eppley et al. 1969 ) and with cell volume (Litchman et al. 2007) . Coupled with an increase in cell size of dominant species as a function of concentration, this could conceivably produce the observed relationship between K NO 3 and nitrate concentration. However, this is not a sufficient explanation for the observed pattern, because K NO 3 is not an intrinsic property of each species. Even for single species cultured under controlled conditions, K NO 3 increases with nutrient concentration (Collos 1980) . For both of the linear regressions of the data ( ), the values of b were not significantly different from 0.5 (α = 0.1), the value predicted by OU kinetics. Fits of the simpler linear model with b = 0.5 were nearly as good as those of the more general fits and explained just over half of the variance in logK NO 3 (r 2 = 0.54 and 0.52 for the data in , respectively). For separate fits (not shown) to the data of Harrison et al. (1996) and those of McCarthy et al. (1999) , the slopes were similar (and neither was significantly different from 0.5), but the intercept was greater for the former, loga = 0.29 (0.11) than for the latter, loga = -0.53 (0.17).
The data are consistent with the short-term approximation for K app NO 3 (Eq. 8), and the ratio V 0,NO 3 /A 0,NO 3 can be estimated from fitting this equation to the observations ( ). From the fitted values of the intercept in the log-log regressions, the estimates of V 0,NO 3 /A 0,NO 3 are 0.5 and 0.19 μmol l -1 for the data in , respectively (based on fits with b = 0.5). The assumption of immediate acclimation (Eq. 6) predicts a minimum value for K app NO 3 , K app NO 3 , min = V 0,NO 3 /A 0,NO 3 . Fitting Eq. (6), rather than the short-term approximation as above, results in lower values for V 0,NO 3 /A 0,NO 3 , but with significantly worse fits to the data (see 'Numerical experiments', below). Both datasets contain many values below their respective estimated minima (even the lower minima obtained by fitting Eq. 6); i.e. the data are consistent with the short-term approximation of Eq. (8), but not with Eq. (6). This result for 2 independent compilations of data strongly suggests that OU kinetics is the correct description of uptake and that the acclimation timescale is greater than the duration of the incuba- tions used to determine K NO 3 (2 to 3 h for the data in Harrison et al. 1996 , McCarthy et al. 1999 .
Numerical experiments
We conducted idealized numerical simulations of the experiments to determine K NO 3 as described by Harrison et al. (1996) by assuming values for OU parameters, generating simulated 'data' by sampling this response -assuming that the OU equation was correct and that the phytoplankton were acclimated to the ambient nutrient concentration -and then fitting values of MM parameters to this data for an experiment conducted at each value of ambient nutrient concentration considered. Under the assumption that no acclimation occurred in response to the nutrient additions during the experiments, the generated values of K NO 3 recovered the linear log-log relationship with b = 0.5 ( ). Under the assumption that phytoplankton acclimated instantaneously during the experiments, the generated values of K NO 3 approached a minimum of 0.016 μmol l -1 at low ambient nutrient concentrations, consistent with Eq. (6) 
Temperature
Temperature may have a confounding effect on uptake response. Near the surface of the ocean, nitrate concentrations are negatively correlated with temperature, because most nitrate is supplied by upwelling of colder water from below. In controlled laboratory studies using single-species cultures, values of halfsaturation constants for N, P and Si uptake for several species have been found to increase with temperature (Eppley et al. 1969 , Dauta 1982 . The observed correlation of K NO 3 with nitrate concentration might therefore result partly from some temperature dependence.
We found only one dataset (Kanda et al. 1985 ) that reported corresponding values of ambient temperature for each value of K NO 3 from field experiments in the North Pacific. For this dataset, the correlation of log-K NO 3 with 1/T (T in Kelvin) was slightly weaker than that with [NO 3 ) and results (lines) of idealized numerical simulations of the experiments to determine K NO3 as described in Harrison et al. (1996) . Simulations assumed that phytoplankton obeyed OU kinetics, sampled the predicted curve of uptake rate versus [NO 3 ] to generate 'data', and fit to this the MM equation to obtain values of K NO3 . We assumed A 0,NO3 = 1 l μmol -1 cell ). Values in brackets are standard errors of fitted parameters general increase observed in K s with temperature for laboratory experiments using single-species cultures (Eppley et al. 1969 , Dauta 1982 . This strongly suggests that, for K s , the effect of nutrient concentration dominates that of temperature in field studies.
Global simulations with the UVic-ESCM
Compared to the standard UVic-ESCM run using MM kinetics (Schmittner et al. 2008) , substantial regional differences emerge for the biogeochemical properties of the run using OU kinetics. Nutrient uptake and primary production are larger for OU than for MM whenever ambient nutrient concentrations fall below 0.7 μmol l -1 , e.g. in the oligotrophic subtropical gyres. For higher nutrient concentrations, uptake and production are smaller in the OU run, which is the case predominantly at higher latitudes and in tropical upwelling regions ( ). Prior to the onset of the industrial revolution, zonally-averaged differences in simulated primary production between OU and MM kinetics reach 5 g C m -2 yr -1 in the subtropics. Under global warming, stratification increases and the oligotrophic areas tend to expand. As a consequence, the zonallyaveraged primary production simulated by OU kinetics exceeds those of the MM run by up to 12 g C m -2 yr -1 in 2000 and 16 g C m -2 yr -1 in 2100 ( ).
DISCUSSION
Timescale for acclimation
The time required for physiological acclimation of phytoplankton is the key to explaining why the MM equation generally fits the data from short-term experiments well (Harrison et al. 1989 , Harrison et al. 1996 , McCarthy et al. 1999 ), but cannot describe the longerterm response of phytoplankton in steady-state laboratory experiments over wide ranges of nutrient concentration (Droop 1974 , Rhee 1974 , Gotham & Rhee 1981a ,b, Smith & Yamanaka 2007 . In the former, the physiology for nutrient uptake is effectively frozen over the duration of the incubations, which yields a response consistent with the MM equation, albeit with different constants for phytoplankton pre-acclimated to different ambient nutrient concentrations. Over longer timescales, the acclimation assumed in OU kinetics produces a different response, which does agree with steady-state laboratory experiments over wide ranges of nutrient concentration (Smith & Yamanaka 2007) . Application of MM kinetics using 'constants' measured in short-term experiments will therefore not accurately reproduce the response of ) and 1/T (T in Kelvin) for the dataset of Kanda et al. (1985) . ). Values in brackets are standard errors of fitted parameters phytoplankton to changes in nutrient supply in the ocean. Still, the data from these experiments contains valuable information, as they allowed us to estimate V 0,NO 3 /A 0,NO 3 , which is necessary for applying OU kinetics to the surface ocean.
The original studies with OU kinetics (Pahlow 2005 , Smith & Yamanaka 2007 assumed that the acclimation to nutrient concentration occurred instantaneously, and Pahlow (2005) obtained good agreement with data from experiments with measurements spaced at intervals on the order of 1 d. Acclimation most likely requires at least several hours, based on the time required to equilibrate continuous cultures of phytoplankton (Harrison & Morel 1986 , Morel 1987 ) and on our results, but we do not know exactly how long. Most modern nutrient uptake experiments are performed over only 2 to 3 h (Harrison et al. 1989 ) to minimize variations in nutrient concentration during the incubations and are therefore not expected to measure the acclimated response of phytoplankton.
Assemblages vs. single species
We do not know why the OU equation, which represents the response of a single species, agrees with the response of the natural assemblages of phytoplankton in seawater. However, there are plausible reasons for this. Fits of models using OU kinetics with data from single-species culture experiments have yielded different values of A 0,s and V 0,s for each species (Pahlow 2005 , Smith & Yamanaka 2007 , which reflect intrinsic physiological differences. Still, whatever such differences exist among the various phytoplankton that dominate at different nitrate concentrations, the ratio V 0,NO 3 /A 0,NO 3 is apparently not a function of the ambient nitrate concentration because Eq. (10) fits the data with constant a according to Eq. (11) . This is plausible, because the potential maximum affinities and potential maximum uptake rates depend, respectively, on the potential maximum numbers of uptake sites and internal enzymes per cell, both of which would be expected to increase with cell size. Maximum uptake rate (per cell) of a species tends to increase with both cell volume and minimum cell quota (content) of N (Litchman et al. 2007 ). Thus, even though cell size of the dominant phytoplankton tends to increase with ambient nutrient concentration, this ratio might not vary much as a function of ambient nutrient concentration.
Even if the species dominating in different environments have intrinsic differences in V 0,NO 3 /A 0,NO 3 , we can still expect the relationship observed between K NO 3 and nitrate concentration, as long as this ratio is not systematically determined by the nitrate concentration. There are several reasons to expect variability in observed nutrient uptake response. Even for a single species, we would not expect to explain all variations (Schmittner et al. 2005) over the period 1765 to 2100 forced by historical and business-as-usual greenhouse gas emissions (Schmittner et al. 2008) , using either standard Michaelis-Menten (MM) or our optimal uptake (OU), Eq. (5) in K NO 3 in terms of nutrient concentration, because uptake response also varies as a function of temperature (Eppley et al. 1969 , Eppley 1972 and light (Armstrong 1999) . Also, we would expect phytoplankton in the ocean to be acclimated to differing degrees to the ambient nutrient concentration at any given time and place, because of natural fluctuations in nutrient supply. Furthermore, the same physiological trade-off that is key to the acclimation assumed in OU kinetics would also be expected to apply to the evolution of different species. Indeed, in terms of MM uptake parameters, Litchman et al. (2007) found a positive correlation between maximum uptake rate (per cell) and halfsaturation constant for nitrate uptake in a compilation of data for various species representing major functional types. The central trade-off in OU kinetics, reflected in the negative relationship between V max and A s , also results in a positive relationship between maximum uptake rate and apparent half-saturation constant, in qualitative agreement with the observed trend among species.
Implications for predictability
With respect to the variations in uptake response across oceanic regions, there is an important conceptual difference between the traditional interpretation in terms of MM kinetics and our interpretation in terms of OU kinetics. According to the former, the pattern is mostly determined by intrinsic differences between the species that dominate under different conditions, whereas according to the latter it is mostly determined by the fact that all phytoplankton acclimate to nutrient concentration in the same way, subject to the same physiological trade-off. The former implies low predictability, because those intrinsic physiological differences between dominant species cannot be predicted. In contrast, the latter implies that it should be possible to predict at least the response to changing nutrient concentrations, because all phytoplankton acclimate (or evolve) subject to the same physiological trade-off.
Currently, nearly all large-scale marine ecosystem models apply the MM equation with constant K s to describe uptake (or growth) rates of phytoplankton as a function of nutrient concentrations, and most such models include N as either the only or one of a few limiting nutrients (Fasham et al. 1993 , Oschlies et al. 2000 , LeQuere et al. 2005 , Gruber et al. 2006 , Hood et al. 2006 , Hashioka & Yamanaka 2007 . Our results show that OU kinetics is a better description of the observed uptake response over wide areas of the ocean, at least for the key nutrient nitrate. The assumption of instantaneous acclimation cannot be rigorously correct because physiological changes must require some time, and the assumption of constant parameter values in OU kinetics may not be correct either. However, based on our results, these assumptions will introduce much less error than the application of MM kinetics with constant K s , which is the current standard in marine ecosystem modeling.
Even high spatial-resolution, large-scale marine ecosystem models have not been able to reproduce the observed contrast in phytoplankton biomass and production between eutrophic and oligotrophic regions (Oschlies et al. 2000 , Gruber et al. 2006 . To remedy this, it has been suggested to add more functional types or processes to the models, which would make them more complex. At least with respect to variations along nutrient gradients, a simpler alternative is to include the effects of physiological acclimation in the existing functional types by incorporating OU kinetics, rather than adding more compartments to already complex models. Because of the acclimation to ambient nutrient concentrations, OU kinetics should provide a more realistic description of the contrast between nutrient-rich and nutrient-poor regions of the ocean.
For predictive modeling of marine ecosystems and biogeochemical cycles, this acclimation is critical because changes in ocean circulation and mixing (e.g. as a result of global warming or climate oscillations) will alter the rates of nutrient supply to the surface ocean. For example, the nutrient-poor subtropical gyres have expanded over the past decade as their average surface temperatures have increased (Polovina et al. 2008) . Application of MM kinetics with empirical relationships to describe changes in K NO 3 will not accurately describe even the past response of phytoplankton unless the variations in V max are also addressed, which would be difficult because of the wide variation in patterns of values of V max fit to the MM equation. OU kinetics thus presents a superior alternative to the MM equation for modeling nutrient uptake kinetics in the ocean.
Our results with the UVic-ESCM illustrate that using the new OU kinetics can substantially alter regional and temporal variations in simulated ecosystem dynamics. When calibrating such models with observations that cover a large range of environmental conditions, it is essential to avoid fitting incorrect dynamics to the data. Our results suggest that nutrient uptake kinetics can significantly affect spatial and temporal patterns of biological production and therefore has to be accounted for carefully. The University of Victoria Earth System Climate Model (UVic-ESCM) (Schmittner et al. 2005 (Schmittner et al. , 2008 describes primary production as a function of light, nitrate and phosphate and also allows for N 2 fixation by diazotrophs. We apply the SPONGE model of optimal uptake to multiple limiting nutrients (Smith & Yamanaka 2007) to implement OU kinetics for nitrate and phosphate co-limitation, and implement the single-nutrient OU (Eq. 5 in the main text) to deal with phosphate limitation of diazotrophs. Non-diazotrophic phytoplankton growth rate (J O ) is formulated as the minimum of potential light, N, and P limited growth rates in the UVic-ESCM:
where J I and J max,O are the potential light-limited and maximal growth rates, respectively, and u N and u P describe potential limitation by N and P. The standard UVic-ESCM uses MM kinetics to calculate nutrient uptake:
where P O is non-diazotrophic phytoplankton N concentration and R NP = 16 is the Redfield N:P ratio. OU kinetics is implemented by replacing the MM nutrient limitation terms, u 
